We study the constraints on neutralino dark matter in minimal low energy supersymmetry models and the case of heavy lepton and quark scalar superpartners. constraints and a thermal origin of the observed relic density. In this article we study the current experimental constraints on these scenarios, as well as the future experimental probes, using a combination of direct and indirect dark matter detection and heavy Higgs and electroweakino searches at hadron colliders.
I Introduction
Since its proposal in 1933 by Fritz Zwicky [1] , the existence of dark matter (DM) has been supported by many indirect detection measurements. Besides observations of galaxy clusters and the magnitude of gravitational lensing, the rotation curves of spiral galaxies provide evidence that a significant portion of these galaxies is made of nonluminous matter [2, 3] .
Recently, the density of cold dark matter in the universe was estimated by the Planck collaboration to be Ω c h 2 = 0.1198 ± 0.0015 [4] . Overall, the evidence indicates that a significant portion of matter in the universe is non-baryonic, but the exact nature of dark matter is still unknown. One favored dark matter candidate is a weakly interacting massive particle (WIMP)-an uncharged, colorless, stable particle with a heavy enough mass to cease annihilation in the early stages of the universe, thus leaving behind the substantial cosmological abundance seen today [5] . No particles in the Standard Model (SM) account for all these properties, so we are forced to look at theories of physics beyond the SM (BSM).
Supersymmetry (SUSY) provides a well-motivated extension of the standard model that
contains such a WIMP in the form of the lightest supersymmetric particle (LSP) [6] . In the Minimal Supersymmetric Standard Model (MSSM) with R-parity conservation, the LSP is typically the lightest neutralino χ 0 1 . Searches for BSM particles at the LHC have not been fruitful, and these searches put constraints on supersymmetric models. In certain models, the LHC searches now limit the mass of gluinos and the first two generations of squarks to be above 1.5 TeV [7, 8] . Other production analyses have constrained chargino and neutralino masses to be at least of the order of 100 GeV [9, 10] , complementing the existing bounds from LEP2 searches (see, for example, Ref. [11] ). In addition, searches for heavy Higgs bosons constrain MSSM parameters such as tan β and M A , the mass of the CP-odd Higgs boson [12] .
Direct dark matter detection experiments (DDMD), such as LUX [13] , PICO [14] , XENON100 [15] , and PandaX [16] , have also so far come up empty-handed. These experiments set upper bounds on both the spin-dependent (SD) and spin-independent (SI) cross sections of WIMPs scattering off nucleons. LUX presents the strongest bounds-their most recent data limits the WIMP-nucleon spin independent cross section σ SI to be lower than a few times 10 −10 pb for a WIMP of mass in the range 20 GeV < ∼ m χ < ∼ 200 GeV [13] . Future DDMD experiment such as LZ [17] and Xenon1T [18] will probe regions of SI cross sections two orders of magnitude lower than those probed at present, and therefore it is interesting to explore the implications of the (non)observation of a signal in these experiments.
Cheung et. al. [19] have identified regions of interest in the M 1 (bino mass), M 2 (wino mass), and µ (higgsino mass) parameter space called "blind spots", where the SI or SD cross sections are suppressed due to vanishing couplings of the LSP to the lightest CP-even Higgs and to the Z boson [19] . They worked in the decoupling regime, for very large values of the heavy Higgs boson masses, squarks, and sleptons such that they no longer affect properties relevant to DM. For smaller values of the heavy Higgs boson masses, and negative values of µ, there is in general a destructive interference between the contributions to the SI cross section amplitude coming from the exchange of the standard CP-even Higgs boson and the non-standard one. This leads to a cancellation in the total SI cross section amplitude in certain regions of parameters. This effect was first noticed numerically, while performing a scan over the MSSM parameter space [20] [21] [22] [23] [24] [25] [26] . In Ref. [27] , an analytical expression for the relation between different parameters necessary to reach these generalized blind spot scenarios was presented. The present DDMD constraints are still relatively weak and allow for a wide range of parameters, which can significantly deviate from the ones associated with the blind spot scenario. However, as we will discuss in this article, if future DDMD experiments continue to strengthen these constraints, it will become necessary to consider regions of parameter space close to the blind spot scenarios.
In this paper, we explore the current constraints on these scenarios, putting emphasis on regions of parameters consistent with the observed thermal relic density, and checking these regions against DDMD, Higgs and BSM searches at the LHC. In section II, we discuss the theoretical basis and give an analytical formula for the generalized blind spot scenario.
In section III, we analyze the regions in the µ − M 1 parameter space allowed by SI direct detection bounds and relic density considerations. In section IV, we test these regions against searches at the LHC for electroweakinos and heavy Higgs bosons. We also discuss the constraints coming from SD and indirect dark matter detection experiments, as well as from precision measurements of the observed standard model Higgs. We reserve section V for our conclusions.
II DDMD and Blind spots
In the MSSM, assuming heavy squarks and sleptons, the neutralino SI scattering process is mediated by the exchange of CP-even Higgs bosons. For Higgsino and gaugino mass parameters of the order of the weak scale the typical SI scattering cross section through the 125 GeV Higgs boson is of the order 10 −45 cm 2 , which is in tension with the LUX results [13] .
A possible way to suppress the SI scattering cross section is to decouple the heavy Higgs boson and suppress the lightest neutralino coupling to the 125 GeV Higgs boson. In the decoupling limit, the lightest and heaviest CP-even Higgs bosons in the MSSM, h and H, are given by 
where m χ is the mass of the lightest neutralino. Under the above conditions, for very large values of the heavy Higgs boson masses, the tree-level contribution to the SI scattering cross section vanishes, which is identified as a blind spot in direct detection experiments [19] .
Another way to suppress the SI scattering cross section, when the heavy Higgs is not too heavy, is to have destructive interference between the 125 GeV Higgs exchange and the heavy Higgs exchange amplitudes. In this case, one goes away from the decoupling limit and the CP-even Higgs mixing angle may no longer be identified with β. However, the deviations of the mixing angle from the decoupling values tend to be small in the region of parameters of interest for this paper, and therefore, for simplicity we will keep the expressions valid close to the decoupling limit. In such a case, the amplitude of the scattering cross section of down-quarks to neutralinos is proportional to Taking into account also the interaction of neutralinos with up-quarks in order to define the neutralino interaction with nuclei, one can show that the SI scattering cross section is proportional to [27] 
with F Higgs and its cancellation leads to the traditional blind spot scenarios discussed above [19] .
The second term is the contribution of the heavy Higgs and as mentioned before for values of |µ| > ∼ m χ and large tan β may become of the same order as the SM-like Higgs one. For moderate or large values of tan β, the tree-level contribution, mediated by the CPeven Higgs bosons, vanishes when [27] 
Eq. (6) defines what we call a generalized blind spot in direct dark matter detection experiments. It is clear from this expression that the blind spot scenario demands µ < 0.
Considering the case of heavy gluinos and scalar superpartners of the quarks and leptons, and assuming that the wino is significantly heavier than the bino (in practice we will assume the relation implied by gaugino mass unification, M 2 2M 1 ), the generalized blind spot scenario can accommodate the right relic density in the well-tempered region [28] 
III Direct Dark Matter Detection Constraints
A. Allowed Parameter Space Spin independent cross section -MA Figure. 1: Spin independent scattering cross section for fixed tan β = 7, |µ| = 600 GeV, M 1 = 400 GeV. The black line is for µ < 0 and the red line is for µ > 0. The blue dashed line represents the LUX 2016 constraint for mχ = 400 GeV. As M A increases the heavy Higgs becomes decoupled from the LSP, and σ SI p approaches an asymptotic value. Note that the asymptotic value is significantly greater for µ > 0 than for µ < 0. When experimental limits drop below the asymptotic value of the µ < 0 branch, an upper bound and a lower bound on M A will be present, and we are forced closer to the blind spot.
The expression of the SI cross section, Eq. excluded, we compute the minimal value of M A consistent with current LUX bound [13] in Fig. 2 . In the red region, the lower bound on M A tends to infinity, indicating that the particular point is excluded for all M A . In applying the LUX bounds, we have implicitly assumed that the right relic density is obtained in all the parameter space, which could, for instance, demand a non-thermal contribution in large regions of parameter [33] . However, the exclusion region covers the entirety of the well-tempered region M 1 µ [34] , and one
can only obtain the correct relic density via heavy Higgs mediated resonant annihilation near the blue region. We will comment on this case later, but since the SI cross section is in tension with the current LUX bound in the majority of region consistent with a observed thermal dark matter relic density, we shall focus our attention on the µ < 0 case.
For the µ < 0 case, and assuming again the proper relic density in the whole parameter space, we compute the maximal value of M A consistent with current spin independent DDMD bounds in order to quantify the need for a destructive interference to reduce σ SI p for the µ < 0 case. Fig. 3 shows that, contrary to the µ > 0 case, the present LUX bounds [13] only constrain the value of M A away from the decoupling limit close to the well-tempered
If one assumed a thermal origin of the relic density, then the above constraints would be modified. In the upper left region of the plot, the thermal neutralino dark matter is under-abundant (see Fig. 6 for the thermal relic density), so we assume there is another component, for instance, the axions, that contributes to the relic density. In this case, the LUX bound should be rescaled according to the thermal relic density ofχ It is interesting to investigate the region to be probed by future DDMD experiments.
In case of no detection, future experiments will push the experimental limits below the decoupled scattering cross section in greater regions of the µ − M 1 plane. In particular, the projected bounds of the LZ experiment are approximately 100 times stronger than those from the LUX experiment [17] . Fig. 3 reveals that, assuming a dark matter density consistent with the observed one, these stronger bounds would constrain M A in the entire region left of the well-tempered region, and in part of the region to the right as well. As before, if a thermal origin of the dark matter relic density is assumed, the well-tempered region may be achieved, but the upper bound on M A would become smaller than about 300 GeV.
A more complete description of the exclusion state of the A-funnel region takes into account the upper bound on M A presented above as well as the lower bound due to the overcompensation of the heavy CP-even Higgs contribution. As mentioned before, the region allowed by LUX and relic density considerations roughly correspond to the blue and dark green region in Fig. 3 , where the required value for resonant annihilation M A 2M 1 is below the upper bound set by LUX. (For µ > 0, the correct relic density can be achieved near the 
B. LZ Reach and Blind Spots
The lack of observation of a signal at the LZ experiment would constrain us to a narrow region of allowed parameter space for thermal dark matter, namely the A-funnel region The parameter space in which these small spin independent cross sections are achieved is well captured by the phenomenological MSSM (pMSSM) parameter space [35] , but we have reduced its dimensionality to conduct a feasible study and to concentrate on critical variables. For instance, sfermion masses are held constant at 2 TeV, above experimental constraints, as they have little impact on the determination of the neutralino relic density and on DDMD experiments unless their masses are comparable to that of the LSP. By doing this, we are eliminating the interesting possibility of dark matter co-annihilation with scalar superpartners (see, for example, Refs. [36] [37] [38] [39] [40] ), which is of phenomenological interest. We reserve the study of this case for future work.
In our analysis the trilinear coupling constants are fixed to be zero except for A t , which is taken at a value of order 2 M S = 2 Mt 1 Mt 2 to obtain the proper 125 GeV Higgs mass [41] [42] [43] . The values of M 2 and M 3 are held well above M 1 so that the heavier electroweakinos do not interfere with the annihilation of the LSP. As mentioned before, we fixed M 3 = 2 TeV and chose M 2 by imposing the gaugino mass unification M 2 = 2 M 1 for simplicity, but our results are general whenever M 2 2 M 1 . As stressed before, the constraints on the parameter space become stronger for smaller values of M 2 and therefore we shall concentrate on the case of a Bino-like neutralino that leads to a larger allowed parameter space and also allows the obtention of a thermal relic density in larger regions of parameter space.
The four remaining parameters-tan β, M 1 , µ, and M A -are critical to our model. For each combination of tan β, M 1 and µ, we select M A to obtain a cross section σ becomes negative and destructive interference cannot happen. In this region, the σ SI p < 10 −11 pb requirement does not set an upper bound for M A but only a lower bound, though it is still possible to tune M A to achieve resonant annihilation for mχ high enough.
We have used MicroOMEGAs (with SuSpect 2.41) to calculate the spectrum, SI and SD DDMD cross sections and corresponding relic densities [44] . The thermal relic density is displayed on the µ − M 1 plane in Fig. 6 for various values of tan β, with M A fixed at values consistent with the blind spot center (maximal destructive interference). The yellow color indicates that the region has the relic density consistent with the observed one [4, 29] .
It can be clearly seen that the desired region consists of two branches: the well-tempered region |µ| M 1 in the upper branch and the A-funnel region |µ| 2M 1 in the lower branch.
The resonant annihilation with the heavy Higgs is in fact so strong that the relic density rapidly decreases towards the center of the A-funnel region, so the correct relic density is only achieved on the two sides. However, since M A is allowed to vary in a small range such that σ SI p < 10 −11 pb, the correct relic density can be attained in a wider region (between the white dashed lines in 
IV LHC Constraints
In this section we concentrate on the region of parameters consistent with σ SI p ≤ 10 −11 pb.
Recent LHC 13 TeV data reveals no signal of any BSM particles. The new exclusion limits from the ATLAS and CMS collaborations are used to constrain the parameter space of the blind spot scenario. In our region of interest where tan β is between 5 and 15, the H, A → τ τ searches [12, 45] offer the most stringent constraints. Electroweakino searches at CMS [46] provide additional constraints in the region of small M 1 and |µ|, where χ 0 1 is especially light. In subsection A we examine constraints from the CMS and ATLAS H, A → τ τ searches, followed by an analysis of constraints from the χ Overall, we find that the well-tempered region is completely excluded for tan β ≥ 7, and the A-funnel region is only partially excluded for the larger values of tan β. The region of small mχ0 1 tends to be in tension with electroweakino searches.
A. H → τ τ Search
We consider production of the heavy Higgses H and A (either of which is denoted by φ) by means of gluon-gluon fusion (ggφ) and b-associated production (bbφ), followed by a decay into two τ leptons. Recent reports from CMS and ATLAS [12, 45] We see that at tan β = 6 the well-tempered region is partially excluded, and for tan β ≥ 7 it is completely ruled out. Parts of the A-funnel region remain available at all tan β, though the ATLAS results restrict large portions of parameter space for tan β > 10. To reconcile Fig. 6 and Fig. 7 , we present the exclusions in the |µ|−M 1 plane for blind spots with the proper relic density in Fig. 8 . The data set used in Fig. 8 is the same as for the yellow region in Fig. 6 , so each data point has M A chosen to be at the center of the blind spot, considering data points with the correct dark matter density. Again, we see that the welltempered region is excluded for tan β ≥ 7, and the A-funnel region begins to be excluded as well as tan β increases. All data points shown in the A-funnel region are excluded by ATLAS for the tan β = 15 plot, but the figure may be extended to reach allowed regions of parameters at higher |µ| and M A . Fig. 8 also shows that M A tends to be smaller in the well-tempered region, resulting in a higher production cross section, hence the greater degree of exclusion. On the other hand, as M A increases in the A-funnel region, the φ → τ τ branching ratio decreases as additional decay channels (notably the φ → tt channel) are opened and enhanced, resulting in a weaker exclusion limit.
We also investigate the effect of choosing M A at the lower or upper limit consistent with σ SI p = 10 −11 pb on the exclusion status of our model. We survey the |µ|−M A plane twice more, choosing M A to be at the lower and upper limits. These new data are plotted in Fig.   9 and Fig. 10 .
From Fig. 9 and Fig. 10 we see that, in the well-tempered region, the exclusion bounds are largely independent of which M A we choose to achieve the σ [51]. Even considering there are two higgsinos, the total higgsino production cross section is about half the wino production cross section, so the true bounds on our data are weaker than those presented in [46] 1 . We find that these electroweakino searches do constrain this region, as shown by the yellow points in Figs. 8-10 . Although the displayed bounds are generous for the Higgsino-like electroweakinos in our data, we will show in subsection D that this region of parameters is also excluded by recent IceCube results [53] .
The High Luminosity-LHC would extend the scope of the electroweakino searches, and could probe up to 150 GeV to 600 GeV depending on the mass of the LSP [52, 54] . A 100
TeV collider can further extend the reach. For instance, when mχ0 1 is below 500 GeV, a 100
TeV collider with 3 ab −1 can make a discovery of a higgsino on the order of 1.5 TeV in the −1 can be sensitive to a mixed bino-higgsino LSP up to 1 TeV, and can reach 5σ discovery for mχ0 1 165 -420 GeV depending on the mass difference between the two lightest neutralinos and the treatment of systematics [56] . 
C. Precision Higgs Measurements
In the well-tempered region, as M A is light, there could be some tension with the precision Higgs data. At the tree level, the 125 GeV Higgs coupling to bottom-quarks in the MSSM is given by [57] g hbb g
The first term in the left-hand side of this expression, sin(β − α), gives the ratio of the coupling of the Higgs to weak vector bosons to its SM value. In order to reproduce the proper Higgs phenomenology, it should be close to one. Therefore, the corrections to the bottom coupling are controlled by the second term. One can work out an approximate expression for the value of this correction in the MSSM [58] , at the one-loop level, namely
In the above, M S is the average stop mass, X t = A t − µ/tan β, Y t = A t + µ tan β, A t is the trilinear Higgs stop coupling and µ is the Higgsino mass parameter. The last term denotes the one-loop radiative corrections induced by the interaction of the Higgs bosons with the third generation squarks. At sizable values of tan β we can rewrite the above expression in the following approximate form,
Since in order to obtain the proper Higgs mass in the MSSM the stop masses should be of the order of 1 TeV [41] , [42] , [43] , and the value of A t < 3M S due to vacuum stability constraints [59] , it is clear that for the values of µ and tan β under consideration, the radiative corrections give only a small correction and the deviations of the bottom coupling from its SM value are well characterized by the first two terms inside the square bracket on the right-hand side of Eq. (9).
For instance, in the well-tempered region, when tan β is about 5, and the lightest neutralino is about 600 GeV, M A is about 220 GeV as shown in Fig. 8 . This leads to a bottom coupling that is about 70% higher than the SM value, which is about 4σ above the current central value and therefore ruled out by current Higgs precision measurements [45, 60] . We stress that this enhancement in the bottom coupling would lead to a large enhancement of the total width and therefore a suppression of the branching ratios of all other decay channels. In the region where M A is larger, as approaching the decoupling limit, this tension is eased. For example, when tan β is about 5 and M A is about 350 GeV, the bottom coupling to the Higgs is only about 20% higher than the SM, which corresponds to about two standard deviation of the experimental result (the current fit to the bottom Yukawa coupling shows a suppression of it [60] 2 ). Therefore, values of M A larger than about 350 GeV are necessary to be in agreement with precision electroweak data [45] . CP-even Higgs mixing mass matrix after decoupling of the singlet fields, from where one can demonstrate that the bottom coupling has the same expression as in the MSSM, but the value of tan β cos(β − α) is now given by [64] tan β cos(β − α) 
D. Spin-Dependent and Indirect Detection Constraints
Many direct and indirect detection experiments have also placed constraints on a DM particle interacting with a nucleus via spin dependent (SD) scattering. Spin dependent direct detection searches have been performed by the LUX [13] and XENON100 [15] experiments, but PICO [14] outperforms both of them. These exprimental results, however, do not set a strong bound on the regions of parameters explored in this paper. The exception comes from IceCube, which considers the detection of neutrinos coming from Dark Matter trapped and annihilating in the sun. The limits depend strongly on the annihilation channel but become strong for neutralinos annihilating into pairs of W + W − or ZZ gauge bosons [53] , for which the current cross section limits are just below σ Finally, let us comment on indirect Dark Matter detection constraints. While the constraints from the Fermi experiment [65] do not affect the scenarios discussed in this article, Figure. 12: Branching ratios for dark matter annihilation products, including W + W − (blue), ZZ (green), tt (red), bb (pink), ZH (yellow), hA (orange), W ± H ∓ (purple), and their sum (black). We see that for mχ0 there has been recent analyses of the AMS antiproton flux data [66] that claim strong constraints on thermal dark matter annihilating into bottom-quark pairs, with masses between 150 GeV and 450 GeV [67] , [68] . Although there are large uncertainties having to do with propagation, solar modulation and antiproton production cross sections, if these bounds hold, the A-funnel region will be constrained to values of µ and M A larger than about 1 TeV.
V Conclusions
In this article we have studied the constraints and future probes of Dark Matter in the MSSM, in the case in which all scalar leptons and quarks are heavy. In particular, we have considered scenarios within the MSSM, in which the SI DDMD cross section is suppressed due to destructive interference between the light and heavy CP-even Higgs exchange amplitudes. We have shown that the proper relic density may be obtained in both the well- 
